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Abstract — This paper proposed a new self-decelerating PM in-
wheel motor (SDPMIWM) which replaces the stationary ring of 
the conventional magnetic-geared motor with the stator teeth and 
is magnetized in Halbach Array. Unlike the traditional PM 
synchronous motors, the SDPMIWM operates on the harmonics. 
The field is full of harmonic components and the flux waveforms 
in the motor can be complex. All these makes calculating the 
motor loss difficult. Thus, this paper study the field distribution 
of the motor, including harmonic analysis, magnetization in key 
positions of stator and rotor, and end effect in the motor 
including its influence in motor’s performances. Then, the 
hysteresis and eddy current loss in stator and rotor are analyzed. 
Furthermore, the eddy current loss in the PMs is also investigated 
and the potential over-heating points are specified, making 
contributions to motor optimization. Besides, the radial 
magnetized motor with the same structure as the SDPMIWM is 
also analyzed to verify the advantages of the Halbach Array in 
improving the strength of magnetic field and the quality of flux 
waveforms, and in reducing end effect’s influence in motor’s 
performances. 
 
I. INTRODUCTION 
    Magnetic-geared PM motor (MGPMM) for EVs has been 
paid great attention to recently for eliminating all the 
drawbacks caused by the mechanical gear [1-4]. As shown in 
Fig. 1(a), the conventional MGPMM is directly combined of 
the magnetic gear and the PM synchronous motor. Thus, it 
suffers from the drawbacks such as bulky structure, low 
utilization rate of the PM, difficult manufacturing processing, 
etc. Deduced from it, the self-decelerating PM in-wheel motor 
(SDPMIWM) replaces the stationary ring with the stator teeth 
so as to improve the defects above, as shown in Fig.1(b). 
    However, the SDPMIWM still suffers a lot from ineffective 
harmonics of the magnetic field, and the harmonic loss is a key 
part of further affecting the motor’s performance and 
efficiency. 
    As shown in Fig.1(c), by integrating the Halbach array into 
the SDPMIWM, the effective harmonics of the magnetic field 
will be improved while the other harmonics can be suppressed 
[5]. Hence, it will improve the efficiency of the motor by 
lowering the iron loss and the PM eddy current loss. The radial 
magnetized motor with the same structure is also calculated to 
verify the advantages of Halbach Array against Radial Array. 
    The power loss in the motor mainly includes the iron loss in 
the core, the eddy current loss in the PMs and the copper loss. 
    The iron loss makes up the biggest part of the total loss [6-8]. 
The calculation of iron loss in based on the analyzing results of 
the field distribution. Thus, it’s of great importance to make 
full investigation on the field distribution. So, the harmonic 
analysis, magnetization analysis and the end effect analysis 
should all be taken into consideration. 
    Although the eddy current loss in the PMs is negligible in 
most synchronous motors, it still matters a lot when evaluating 
the motor’s performances because PM eddy current loss will 
bring some terrible problems such as PM demagnetization and 
over-heating, which will shorten the motor lifespan [9]. 
    The purpose of this paper is to propose a new self-
decelerating PM in-wheel motor, discuss its field distribution, 
and then make full investigation on its power loss including 
iron loss in the core and eddy current loss in the PMs. The 
design specifics and operating principles are shown in Section 
II. The magnetic field distribution is studied in Section III. In 
Section IV, the hysteresis and eddy current loss of stator and 
rotor are calculated and analyzed. The PM eddy current loss is 
investigated in Section V. Finally the conclusion will be drawn 
in Section VI. 
 
 (a) 
         
(b)                                                    (c) 
Fig. 1. Motor Topology (a)MGPMM (b)proposed SDPMIWM (c)radial 
magnetized motor with the same structure 
 
II. DESIGN SPECIFICS AND OPERATING PRINCIPLES 
    The major design specifications of the proposed 
SDPMIWM are: 3-phase, 23-rotor-pole pair, 27-stator-slot, 
rotor outer radius=85.1mm, stator outer radius=72.5mm, air-
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 gap length=0.6mm, lamination axial length=58mm, and rated 
power=2kW. 
    The SDPMIWM operates on the principle of coaxial 
magnetic gear. The stator teeth modulate the high-speed 
rotating magnetic field produced by the armature windings of 
the stator into the low-speed rotating magnetic field of the PM 
rotor. 
    According to Reference [1], the motor must satisfy: 
|| 12 skNmpp +=                                            (1) 
where ∞= ,...,5,3,1m , ±∞±±±= ,...,3,2,1,0k , 1p  is the pole 
pair number of the magnetic field in the stator, 2p  is the pole 
pair number of the magnetic field in the PM rotor, and sN is 
the number of the modulation blocks, which equals to the 
number of the stator teeth. 
In order to make the maximum utilization rate of the 
effective harmonics, and to achieve steady torque transmission, 
1=m , 1-=k . The speed ratio rG  is given by: 
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where 1ω  and 2ω are the speed of rotating magnetic field in 
stator and rotor, respectively. The negative sign indicates that 
the direction of rotating magnetic field in stator is opposite to 
that of the PM outer-rotor.  
In this paper, 41 =p , 232 =p , 27=sN , 75.5-=rG . 
 
III. MAGNETIC FIELD DISTRIBUTION 
    Since the coaxial magnetic gear operates on utilizing the 
harmonic field, the field distribution must be very complicated. 
The lumped-parameter magnetic circuit method cannot meet 
the requirement of accuracy. So, a 2-D finite element model is 
established, and the magnetic field distribution is fully studied 
to set bases for the following loss analysis. 
A. Harmonic components at Air-gap and Stator Back-iron 
    As shown in Fig 2, the pole pair number of the fundamental 
harmonic is modulated from 23 at the air-gap into 4 at the 
stator back-iron, the so-called ‘self-decelerating’ is realized. 
It should be noted that except for the fundamental effective 
harmonics, there are large amounts of ineffective harmonics in 
motor. The ineffective harmonics have no contribution to the 
output torque, yet they will produce dramatic power losses, 
lower the efficiency of the motor.  
 
    
(a)                                             (b) 
 
(c)                                             (d) 
Fig. 2. Radial flux density waveforms. (a) Air-gap (b) Air-gap harmonic 
spectrum (c) Stator back-iron (d) Stator back-iron harmonic spectrum 
 
B. Flux Waveforms in Stator and Rotor 
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Fig. 3. Flux waveforms in the stator and rotor (a) at stator tooth top (b) at 
stator tooth body (c) at stator tooth root (d) at stator back-iron (e) at rotor pole 
top (f) at rotor pole root (g) at rotor back-iron 
 
The field is unequal in stator and rotor, Fig 3 shows the 
flux waveforms of some key positions in the stator and rotor. It 
should be noted that: 
1)    The alternating frequency of the fundamental magnetic 
field is 191.67Hz in stator and 225Hz in rotor. 
2)    The stator tooth top and the stator back-iron are mainly 
circular rotational magnetized, while the stator tooth body 
is basically alternating magnetized. The stator tooth root 
includes both alternating and circular rotational 
magnetizations. 
3)    The rotor pole is obviously circular rotational magnetized. 
The rotor back-iron is mainly alternating magnetized. 
4)    Flux waveform in the stator tooth top is not as sinusoidal 
as those of the other parts in stator, mainly due to the 
dramatic changes of the permeability at the air-gap. 
5)    Most parts of the rotor are severely saturated except for 
the rotor back-iron. 
6)    The saturation is much severer when at full-load. 
7)    The flux waveforms in stator are symmetrical along the 
horizontal axis, with no DC-bias, while they are 
unsymmetrical in the rotor. 
 
C. End Effect 
    End effect is a phenomenon caused by the limited length of 
the motor. The flux leakage in the end will reduce the flux 
density, the amplitudes of the flux-linkage and the back EMF 
as well, decreases the motor outputs further.  
Static 3D models for both Halbach magnetized and radial 
magnetized motor are built. Seen from Fig 4, the Halbach 
magnetized motor has stronger magnetic field than the radial 
magnetized one. Besides, the radial flux densities of both 
motors are decreasing near the motor end. 
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(b) 
Fig. 4. Radial Flux Density Along the Axial Length. (a) Halbach Magnetized 
Motor (b) Radial Magnetized Motor 
 
    To quantify the influence of the end effect in the motor’s 
performances, 3D transient models for both motors are 
built.And the analyzing results are compared to those of the 
2D ones, as shown in Table I. It can be concluded that: 
1)  The end effect does lower the outputs of the motor. 
2)  The Halbach array does help reduce the influence of end 
effect and increase the PM utilization rate. 
 
TABLE I 
PERFORMANCES OF THE MOTORS 
 The amplitude of Flux-linkage/Wb 
The amplitude of  back-
EMF/V 
 2D 3D Decline Rate 2D 3D 
Decline 
Rate 
Halbach 
magnetized 0.172 0.15 12.79% 220 185 15.9% 
Radial 
magnetized 0.149 0.1095 26.51% 197.2 129.9 34.1% 
 
IV. INVESTIGATION OF IRON LOSS IN THE PROPOSED MOTOR 
A. Model of Iron Loss 
    Taking harmonic components and circular rotational 
magnetization into consideration, the modified classic 
Steinmetz model is chosen as the model of iron loss in this 
paper: 
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where FeP , hP , eP  are the total iron loss, hysteresis loss and 
eddy current loss, respectively; hk , ek are the coefficients of  
hysteresis and eddy current loss, respectively; B is the flux 
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 density; f  is the frequency;  α is a constant; k is the order of 
harmonics; krB , ktB are the flux density in the radial and 
tangential directions, respectively. 
 
B. The Calculation Method of Iron Loss 
    The calculation method of iron loss is the finite element 
method: the motor is divided into great many elements; the 
flux density is assumed to be equal in each element; then the 
iron loss model is used to calculate iron loss in every element; 
finally sum up the total iron loss. 
 
C. Distribution of Iron Loss 
 
(a)  At No-load (Total Iron Loss 56.77W) 
 
 
(b)  At Full-load (Total Iron Loss 77.75W) 
Fig. 5. Radial Flux Density Along the Axial Length. 
 
    All losses of stator and rotor are specified in Fig 5. It should 
be noted that: (1) The eddy current loss in stator counts up to 
the biggest loss in the motor; (2) The loss in stator is much 
larger than that in rotor; (3) The eddy current loss is more than 
twice of the hysteresis loss both in stator and rotor; (4) The 
load has much more effects on the rotor loss than on the stator. 
    Except for the loss value, the loss distribution is more 
important because it can contribute to the motor optimization. 
It can be seen from Fig 6 and 7 that: 
1)    The iron loss density at full-load is larger than that at no-
load, and the armature field has much more influence in 
the iron loss distribution of the rotor than that of the stator. 
2)    The iron loss density is nearly equal along the 
circumferential at the stator tooth top. The largest iron loss 
density takes place in the tooth tip. The iron loss 
distribution in each stator tooth varies time to time, but 
they share the same rule in the radial orientation: the iron 
loss density is decreasing slowly in the tooth body and 
changes dramatically near the tooth top, as shown in Fig 8. 
3)    The iron loss field in the rotor back-iron is equal at no-
load, while unequal at full-load. The biggest iron loss 
density takes place at the top of the rotor slot. 
 
(a)                                         (b) 
Fig. 6. Iron Loss Distribution in the stator. (a) At No-load (b) At Full-load 
 
 
  
(a)                                         (b) 
Fig. 7. Iron Loss Distribution in the rotor. (a) At No-load (b) At Full-load  
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Fig. 8. Iron Loss Density Along the Axial Length. (a) At No-load (b) At Full-
load 
 
D. Variation of Iron Loss at Different Loads and Speeds 
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Fig. 9. Variation of Iron Loss at Different Loads and Speeds 
 
    Fig 9 gives the iron loss values at different loads and 
different speeds. It can be seen that the iron loss increases 
nearly quadratically with speed and linearly with the load. 
 
V. INVESTIGATION OF PM EDDY CURRENT LOSS IN THE 
PROPOSED MOTOR 
    Normally, the fundamental field of the PM synchronous 
motor is rotating at the same speed with the rotor. So the eddy 
current loss in the PMs of the rotor is usually negligible. But, 
for the SDPMIWM, which operates on the harmonics, the 
eddy current loss in the PMs cannot be ignored.  
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     Although the PM eddy current loss may be just a small 
portion in the total power losses, it’s still of great importance 
to investigate on it, because the PM eddy current loss can 
cause over-heating and magnets demagnetization, motor out-
put decreasing, and the motor lifespan shortening. 
    Assuming the time harmonics of the armature winding 
current are ignored and the input current has the same 
frequency and phase with the back-EMF, the PM eddy current 
loss at different loads and different speed are compared.  
It can be seen from Fig 10 that, the PM eddy current loss are 
nearly quadratic increased with the increase of the speed. With 
the increasing of the load, the PM eddy current loss is 
increasing but the growth rate is not too large. 
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Fig. 10. Variation of Eddy Current Loss in the PMs at Different Loads and 
Speeds 
 
    Fig 11 helps recognize the potential over-heating points in 
the PMs. The connection part between each two adjacent 
magnets reaches the biggest eddy current density, about 106 
A/m2. Issues in reducing the PM eddy current loss especially 
those in the potential over-heating points will be considered in 
the next passage. 
 
 
(a) At No-load 
 
(b) At Full-load 
Fig. 11. Eddy Current Distribution in the PMs 
 
VI. CONCLUSION 
    This paper proposed a new self-decelerating PM in-wheel 
motor which features in replacing the stationary ring with the 
stator teeth and magnetized in Halbach Array. 
    As the SDPMIWM operates on the principle of coaxial 
magnetic gear, the field is very complicated: full of ineffective 
harmonics and includes both alternating and circular rotational 
magnetization. Some key positions in stator and rotor are 
picked up to specify the field distribution both at no-load and 
full-load. 
    It has been verified that the Halbach Array helps improve 
the effective harmonics while suppressing the ineffective ones. 
Besides, compared with radial magnetized motor, the Halbach 
magnetized one has advantages over decreasing end effect. 
    The iron loss in stator and rotor are calculated in a modified 
Bertotti Model by the finite element method. The results show 
that: 
1)    The iron loss in the stator makes up the biggest portion of 
the total loss. The eddy current loss is more than twice of 
the hysteresis loss.  
2)    The load has much more effects on the rotor than on the 
stator.  
3)    The biggest iron loss density in the motor takes place at 
the tooth tip.  
4)    The iron loss increases nearly quadratically with speed 
and linearly with the load. 
    The calculation of PM eddy current loss is essential in the 
proposed SDPMIWM because eddy current loss can cause 
over-heating and demagnetization in the PMs, which affects 
the motor’s performances further. The value of PM eddy 
current loss also increases with the increasing of speed and 
load. The biggest eddy current density takes place in the 
connection part between each two adjacent magnets, about 106 
A/m2. 
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